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Description
BACKGROUND

1. Field

[0001] Thisinvention relates generally to hotfunctional
testing of nuclear power plants and, more particularly, to
the development of protective oxide films on primary sys-
tem material during hot functional testing.

2. Related Art

[0002] Nuclear power plants generally include a prima-
ry system, which includes a reactor vessel, steam gen-
erators, reactor coolant pumps, pressurizer and connect-
ing piping. A reactor coolantloop includes a reactor cool-
ant pump, a steam generator and piping that connects
these components to the reactor vessel. Nuclear power
plants can have two, three or four reactor coolant loops.
The nuclear fuel is contained in the reactor core, which
is housed in the reactor vessel. A function of the primary
system is to transfer heat from the nuclear fuel to the
steam generator.

[0003] In order for the primary system to perform its
function, coolant water circulates through the primary
system. System materials and surfaces that are contact-
ed by the coolant water will undergo general corrosion.
The development of passive, e.g., protective, oxide films
on primary side surfaces, e.g., metal surfaces, is impor-
tant for controlling corrosion of the materials and com-
ponent, and for controlling corrosion product release dur-
ing power operation. As metal corrodes, metal oxide is
generated. A portion of the metal oxide forms an adherent
layer on the primary side surfaces and a remainder of
the metal oxide is released into the coolant water. As the
adherent oxide layer develops, it becomes increasingly
passive, e.g., protective, and slows the corrosion reaction
with the metal surfaces, and eventually the corrosion re-
action is reduced to a low, steady state value.

[0004] The primary system in Pressurized Water Re-
actors (PWRs) is the Reactor Coolant System (RCS). In
PWRs, corrosion occurs and deposits form when struc-
tural materials in the RCS are exposed to high temper-
ature reactor coolant during plant operation. These cor-
rosion products are subsequently released into the reac-
tor coolant and can deposit on the fuel in the reactor core.
Historically, significant effort has been expended in the
selection of corrosion resistant materials, as well as de-
velopment of chemistry control additives and plant oper-
ating practices to minimize corrosion formation and dep-
osition. During normal plant operation, chemistry control
is used to develop passive films on primary system ma-
terials and surfaces to control the corrosion rate and cor-
rosion release rate during power operation, in order to
minimize the deposition of corrosion products on the core
as "crud" and subsequent activation. This is necessary
to minimize the risk for crud-related fuel performance is-
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sues and plant dose rates.

[0005] New nuclear plants undergo hot functional test-
ing (HFT) prior to loading fuel into the nuclear core (pre-
core) to demonstrate operability of the plant. During pre-
core HFT, an initial (primer) oxide layer develops on sur-
faces in the primary system, e.g., RCS, upon initial ex-
posure to high temperature coolant water. Following pre-
core HFT, during subsequent commercial operation of
the nuclear plant, this primer oxide layer impacts the in-
ventory of corrosion products available to deposit on the
core and, thereby, impacts fuel crud risks and plant dose
rates. Thus, it is believed that the primer oxide layer af-
fects the corrosion resistance for the life of the nuclear
power plant.

[0006] PWRs that started-up in the 1970’s and 1980’s
had performed HFT using only lithium hydroxide for
chemistry control of the primary system, in order to main-
tain an alkaline pH. Since that time, plants have per-
formed HF T using dissolved hydrogen as well, to develop
more protective oxides on RCS surfaces. Also, at least
one plant has used boric acid and hydrogen peroxide
during HFT to simulate the chemistry conditions during
a refueling shutdown, which results in the dissolution of
corrosion products such that they can be easily removed
from the system by ion exchange.

[0007] In the commercial operation of nuclear plants,
experience has shown that there are benefits to be de-
rived from zinc injection. For example, it has been found
that as zinc is incorporated into existing corrosion films
on primary system surfaces, e.g., RCS surfaces, the ox-
ides become more stable and protective, inhibiting both
general and localized corrosion. The vast majority of
PWRs performing zinc injection are mature plants that
started this process after a significant period of operation,
e.g., 1510 20 years, with normal primary water chemistry.
The zinc is only injected at normal operating tempera-
tures during power operation. Thus, in these mature
plants, the existing oxide films have been formed and
established on metal surfaces as a result of continued
plant operation. Nickel and cobalt atoms are present in
the existing oxide films, and zinc injection is used to re-
structure the existing oxide films. The restructuring proc-
ess can continue over many fuel cycles until the existing
oxide films are restructured with high concentrations of
zinc and chromium present near the metal oxide inter-
face. Zinc injection in operating nuclear plants can cause
the additional release of particulate or dissolved corro-
sion products into the coolant as the zinc atoms are in-
corporated into the existing oxide films and they replace
or displace other atoms, e.g., nickel and cobalt atoms.
The release of these additional corrosion products into
the coolant can increase the concentration of corrosion
products circulating in the primary system, which can in-
crease the amount of material available to deposit on the
fuel and thereby, potentially increase the risk for fuel per-
formance issues.

[0008] This additional risk limits the concentration of
zinc that can be used during power operation, especially
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for PWRs with higher subcooled nuclear boiling. The sub-
cooled boiling process provides a mechanism for circu-
lating corrosion products to concentrate and deposit at
the cladding surface of the nuclear fuel element in the
reactor core. Crud deposition occurs in areas of the re-
actor core undergoing subcooled boiling to a much great-
er extent than on non-boiling surfaces. Once porous crud
deposits are present, the boiling process also provides
a mechanism to concentrate any contaminants in the
coolant within the crud layer. Increased crud deposition
may lead to increased risk of Crud Induced Power Shift
(CIPS), also known as Axial Offset Anomaly (AOA). The
risk of Crud Induced Localized Corrosion (CILC) may al-
so be increased. CIPS occurs when crud deposits be-
come sufficiently extensive and sub-cooled boiling rates
are sufficiently high to result in precipitation of significant
amounts of lithium-boron compounds within the crud lay-
er. This results in a shift in axial power distribution away
from the boron deposits. Locally, thick crud deposits can
also reduce heat transfer and increase fuel cladding tem-
peratures, which can lead to CILC.

[0009] Another concern associated with adding zinc to
coolant water in an operating nuclear plantis the potential
for zinc oxide or zinc silicate to deposit within the crud of
the fuel cladding. Such deposition may decrease the
transfer through porous crud and thereby, potentially in-
crease fuel cladding corrosion. The likelihood of this sce-
nario can increase if the boiling concentration process
within the crud causes the zinc concentration to exceed
the solubility limit of either zinc oxide or zinc silicate. To
reduce or preclude these fuel risks in an operating nu-
clear power plant, the level of zinc in the coolant is mon-
itored and controlled, and typically limited to 40 ppb or
less during power operation.

[0010] It has been found that pre-core HFT provides a
unique opportunity to initiate the development of protec-
tive oxide films on primary system surfaces and to re-
move releasable corrosion products, which can prevent
deposition and neutron activation during power opera-
tion. Further, since the nuclear plant has not been oper-
ating prior to pre-core HFT, no existing oxide films have
been formed and therefore, the initial protective oxide
films formed on the RCS surfaces during pre-core HFT
can include zinc incorporated therein without the need
to restructure existing films.

Tomari 3 in Japan was the first PWR in the world to inject
zinc during hot functional testing, butthe levels used were
similar to that during power operation, i.e., 3 to 7 ppb,
see document Hayakawa et al.: "Zinc Injection during hot
Functional Test (HFT) in Tomari Unit 3", Nuclear Plant
Chemistry Conference 2010 NPC 2010 - International
conference on water chemistry of nuclear reactor sys-
tems and 8th international radiolysis, Quebec City, Que-
bec [CA], vol. 1, session 1, paper 1.15P, 3 October 2010
(2010-10-03), - 7 October 2010 (2010-10-07), pages 312
- 329, XP055580707, Curran Associates, Red Hook, NY
[US], ISBN: 978-1-61782-395-4. Since fuel is not loaded
during pre-core HFT, the amount of zinc injected into the
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coolant water can be increased without the risk of fuel-
related concerns and issues.

Further prior art is found in document EP 2 312 588 Al
disclosing a method of operating a nuclear plantwherein,
after a nuclear plant is newly constructed, and when a
primary cooling system of the nuclear reactor raises the
temperature to around a power operation temperature
for the first time, zinc is injected into a primary coolant
present in the primary coolant system by a zinc injector.
DocumentUS 5 171 515 discloses a process for inhibiting
corrosion caused by the presents of coolant water pash-
ing through a pressurized water nuclear reactor by the
addition of effective amount of an aqueous solution of
zinc borate to the reactor coolant water. Document "re-
search report VTT-R-00699-12" entitled "Start-up and
Shut-down Water Chemistries in Pressure Water Reac-
tors" by Ilva Betova et al., Technical Research Center of
Finland, of 25.01.2012 describes start-up and shot-down
water chemistries in pressurized water reactors during
normal nuclear power plant operation conditions.
[0011] Thus, there is a need in the art to improve the
control of reactor coolant chemistry during pre-core HFT
as a preconditioning process to passivate the RCS sur-
faces prior to normal power operation of a nuclear power
plant, in order to control corrosion and optimize the long-
term integrity and performance of plant systems in the
nuclear power plant. This will also significantly reduce
the inventory of corrosion products available to deposit
on the fuel and become activated during normal power
operation, thereby improving fuel performance and min-
imizing plant dose rates.

SUMMARY

[0012] This invention achieves the foregoing objec-
tives by providing a method of passivating a metal surface
in a primary system of a new nuclear power plant, as
claimed in claim 1.

[0013] In certain embodiments, the primary system is
a reactor coolant system.

[0014] The zinc can be zinc acetate.

[0015] The method can further include adding a base,
e.g., hydroxide, to the coolant water. The base can be in
a concentration sufficient for the coolant water to have
an alkaline pH fromabout 6.9 to about 7.4 at the operating
temperature or from about 9.5 to 10.1 at 25°C. The base
can be selected from lithium hydroxide, potassium hy-
droxide and mixtures thereof. The concentration of lithi-
um can be from about 0.3 to about 2.0 ppm. When the
base added to the coolant water is lithium hydroxide, in-
itiating the acid-reducing phase may comprise removing
the added lithium hydroxide from the coolant water.
[0016] The method can furtherinclude adding boric ac-
id to the coolant water. The concentration can be about
100 ppm boron or less.

[0017] The method can further include adding hydro-
gen to the coolant water. The hydrogen may be present
in the coolant water in an amount of at least about 4



5 EP 3 175 461 B1 6

cm3/kg or from about 4 to about 50 cm3/kg or from about
4 to about 15 cm3/kg or from about 15 to about 30 cm3/kg,
or about 4.5 cm3/kg.

[0018] The coolant chemistry is controlled through a
series of temperature hold points or "plateaus" that are
maintained for system testing as the RCS is brought up
to normal operation temperature and then back down to
ambient temperature in a plant-specific manner. In cer-
tain embodiments, adding the lithium and/or hydrogen is
initiated when the temperature of the coolant water is
about 177°C (350°F) or higher.

[0019] Theoxygenscavenger may be, butis notlimited
to, hydrazine. The oxygen scavenger can be added when
the coolant water temperature is about 121°C (250°F) or
lower, or about 66°C (150°F) or lower. In certain embod-
iments, the oxygen scavenger is added in an amount of
about 1.5 times the stoichiometric amount of oxygen. In
other embodiments, the oxygen scavenger is added in
an amount such that the resultant oxygen level in the
coolant water is less than about 100 ppb.

[0020] The alkaline-reducing phase can be conducted
at a temperature of about 177°C (350°F) or higher. In
certain embodiments, the alkaline-reducing phase can
be conducted at a temperature that simulates normal op-
erating temperature of the nuclear power plant. In certain
embodiments, the normal operating temperature is from
about 260°C to about 316°C (500°F to about 600°F).
[0021] Adding the oxidizing agent, e.g., hydrogen per-
oxide, for the acid-oxidizing phase can be initiated when
the water coolant temperature is about 82°C (180°F) or
lower.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022] A further understanding of the invention can be
gained from the following description of the preferred em-
bodiments when read in conjunction with the accompa-
nying drawing in which:

FIG. 1is a schematic showing chemistry milestones
at corresponding Reactor Coolant Temperatures
during pre-core hot functional testing, in accordance
with certain embodiments of the invention;

FIG. 2 is an image showing passivation oxide crys-
tals on electropolished Alloy 690 surfaces resulting
from simulated hot functional test with zinc; and
FIG. 3 is an image showing passivation oxide crys-
tals on machined Alloy 690 surfaces resulting from
simulated hot functional test with zinc.

DESCRIPTION OF THE PREFERRED EMBODIMENT

[0023] The invention generally relates to precondition-
ing, e.g., passivating, primary system surfaces in a nu-
clear power plant. The preconditioning includes devel-
oping initial (primer) passivation films on primary system
surfaces during pre-core hot functional testing (HFT) of
anew nuclear power plant. Passive films are instrumental
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in contributing to controlling corrosion on primary system
surfaces and corrosion release during nuclear power
plantoperation. In accordance with the invention, the pre-
conditioning process is conducted prior to the initial load-
ing of nuclear fuel in the reactor core and prior to initiating
normal operation of the new nuclear power plant. There-
fore, the preconditioning precedes the development of
passivation films on primary system surfaces that typi-
cally exist in nuclear power plants due to normal plant
operation. This preconditioning process can be conduct-
ed at specified chemistry and time-at-temperature con-
ditions. The preconditioning includes the following three
phases: 1) an alkaline-reducing phase, 2) an acid-reduc-
ing phase and 3) an acid-oxidizing phase. Certain chem-
ical addition and temperature conditions can be associ-
ated with each of the phases. In general, the majority of
HFT is conducted in the alkaline-reducing phase, and at
least a majority of the alkaline-reducing phase is con-
ducted at a temperature which simulates normal operat-
ing temperature (NOT) of a nuclear power plant. NOT
can vary and may depend on a particular type and design
of nuclear power plant. For example, the Westinghouse
API000® PWR design has a NOT of about 292°F (557°F).
[0024] In general, the HFT preconditioning process in-
cludes the introduction of additives, e.g., zinc, into cool-
ant water that circulates through the primary system of
a nuclear power plant and contacts the primary system
surfaces, which results in formation of a chromium-rich
oxide with zinc incorporated at the metal-oxide surface
to control corrosion release during subsequent normal
plant operation.

[0025] For ease of description, the preconditioning
process in accordance with the invention is described for
a nuclear power plant having a Pressurized Water Re-
actor (PWR) and Reactor Coolant System (RCS) as the
primary system. The duration of preconditioning and, in
particular, the duration of each phase within the precon-
ditioning process, can vary and is typically determined
by the amount of time that is needed for various system
tests to be performed. In certain embodiments, the time
for each of the three phases can be pre-determined and
extended beyond the time needed to perform conven-
tional testing, such that there are hold points for the pre-
conditioning passivation process. Further, the tempera-
tures atwhich each of the phases is initiated or terminated
are exemplary and may vary based on the design and
operation of a specific plant.

[0026] Prior toinitiating pre-core HFT, the RCS is filled
with demineralized water. An oxygen scavenger, such
as hydrazine, is added to the RCS and pressurizer at low
temperatures to scavenge oxygen in the reactor coolant.
Hydrazine addition is known in the art to control concen-
trations of dissolved oxygen in nuclear plants. The
amount of hydrazine added can vary and is typically such
that the resultant oxygen level in the coolant water is at
or below 100 ppb. In certain embodiments, the hydrazine
is added at 1.5 times the stoichiometric amount of oxygen
present. The hydrazine can be added at various temper-
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atures and is typically added at a reactor coolant tem-
perature of about 122°C (250°F) or lower, or about 66°C
(150°F) or lower.

[0027] Following the addition of hydrazine and the in-
itiation of heat up, chemical additions to establish pre-
conditioning chemistry to initiate the alkaline-reducing
phase begin when the reactor coolant temperature
reaches or exceeds about 177°C (350°F). This phase
includes the addition of zinc. Also, a base, e.g., hydrox-
ide, can be added to the reactor coolant to maintain an
alkaline pH for controlling corrosion and the corrosion
product release rate. The base, e.g., hydroxide, can be
in a concentration sufficient for the coolant water to have
an alkaline pH. In certain embodiments, the pH is from
about 6.9 to about 7.4 at the operating temperature or
from about to about 10.1 at 25°C. Suitable bases, e.g.,
hydroxides, for use in the invention are known in the art
and include, but are not limited to, lithium hydroxide and
potassium hydroxide, and mixtures thereof. Wherein the
base is lithium hydroxide, the concentration of lithium is
controlled to establish a reactor coolant pH in HFT that
simulates reactor coolant pH during normal power oper-
ation. In certain embodiments, the lithium concentration
is from about 0.3 to about 2.0 ppm or about 0.5 ppm. The
amount of lithium hydroxide will be controlled to provide
an at-temperature pH, i.e., pHT, that is within a range
considered optimal for normal power operation based on
industry experience.

[0028] The zinc concentration maintained during HFT
is significantly higher than the levels typically used during
power operation. Typically, the concentration of zinc add-
ed during normal power operation is about 5 to 10 ppb,
with a maximum of 40 ppb. As previously indicated, it is
known that zinc can negatively impact fuel performance
during nuclear power operations and therefore, the con-
centration of zinc is limited based on the fuel risks asso-
ciated therewith. Since fuel is not present during pre-core
hot functional testing, the risk for zinc to impact the per-
formance of the fuel is not a concern. Furthermore, with-
out intending to be bound by any particular theory, it is
believed that since a new plant has fresh metal surfaces
(as opposed to a mature operating plant having existent
oxide films formed on metal surfaces), a significant
amount of zinc will be incorporated into the newly formed
film, which leads to a highly stable and protective oxide
with fewer defects in the oxide lattice. Fewer defects is
effective to reduce the electronic and ionic conductivity
of the oxide film, which limits further corrosion reactions
at the metal-oxide interface and at the oxide-solution in-
terface. As a result, the corrosion product release rates
are lower, and there is increased suppression of radio-
cobaltincorporationinto RCS surfaces. Itis therefore de-
sirable to maximize the zinc exposure prior to power op-
eration. The zinc concentration in the reactor coolant dur-
ing pre-core HFT is from greater than about 40 to about
300 ppb. It is desirable to maximize the amount of zinc
exposure prior to power operation, while still maintaining
the zinc concentration below the solubility limit.
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[0029] In addition to lithium and zinc, hydrogen also
may be added during the alkaline-reducing phase to
maintain a reducing chemistry environment and to pro-
duce oxides on the RCS surfaces that are similar to those
thatwill be stable during normal plant operation. In certain
embodiments, the dissolved hydrogen concentration in
the reactor coolant is in an amount of at least about 4
cm3/kg or from about 4 to about 50 cm3/kg or from about
4 to about 15 cm3/kg or from about 15 to about 30 cm3/kg,
or about 4.5 cm3/kg. Thus, during the alkaline-reducing
phase, the combination of lithium, hydrogen, and zinc
can be employed to develop initial (primer) protective
chromium and zinc-rich oxide films on primary system
surfaces.

[0030] In certain embodiments, a low level of boric ac-
id, such as, about 100 ppm boron or less, can also be
added to the reactor coolant. The boric acid may be ben-
eficial for preventing stress corrosion cracking of stain-
less steel due to concentration of lithium hydroxide. The
addition of boric acid is also particularly favorable be-
cause boric acid is known to modify the zeta potential of
oxides generated in the reactor coolant system, the elec-
trical charge on oxide particles in the RCS, for the pur-
poses of better suspending the particles for their removal
from the RCS.

[0031] In the alkaline-reducing phase, the chemistry
additions are performed and the preconditioning chem-
istry of the coolant water is established prior to reaching
normal operating temperature (NOT). During the time pe-
riod when HFT is at NOT, which may be referred to as
the NOT Plateau, various tests may be conducted. The
preconditioning chemistry of the coolant water is main-
tained throughout the remainder of the alkaline-reducing
phase until the coolant water is borated. Near the end of
the NOT Plateau, e.g., at the end of the alkaline-reducing
phase, the reactor coolant is borated, e.g., with the ad-
dition of boric acid, to initiate the acid-reducing phase.
[0032] In the acid-reducing phase, boric acid is added
and any added lithium hydroxide is removed from the
reactor coolant to simulate plant shutdown chemistry
conditions when an acidic environment s created. In cer-
tain embodiments, the boron concentration of the reactor
coolantis about 500 ppm or greater. The borated reactor
coolant is sufficiently acidic relative to neutral pH at ele-
vated temperature (e.g., about 4.0 to 5.6). The acid-re-
ducing phase is initiated as near to the end of the NOT
Plateau as is practical to maximize the time period with
an alkaline pH prior to borating the coolant water. Upon
initiation of the acid-reducing phase, the addition of zinc
may be terminated or, optionally, zinc addition may be
continued. However, reducing conditions are maintained
with continued addition during the acid-reducing phase
of hydrogen on an as-needed basis.

[0033] The temperature is then reduced and hydrogen
is removed from the reactor coolant in preparation for
oxygenation of the reactor coolant during the acid-oxi-
dizing phase. An oxidizing agent, such as, but not limited
to, hydrogen peroxide, may be used for chemical degas-
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sing to facilitate hydrogen removal. In certain embodi-
ments, the oxidizing agent is added in an amount that is
sufficient for nickel to remain dissolved (e.g., resulting in
about 1 ppm oxygen or greater), such that it can more
easily be removed from the system by ion exchange.
Further, in certain embodiments, the oxidizing agent,
e.g., hydrogen peroxide, is initiated in the acid-oxidizing
phase when the reactor coolant temperature is in the
range from about 82°C (180°F) to about 60°C (140°F),
and the addition of the oxidizing agent can continue as
the temperature further decreases. Furthermore, during
the acid-oxidizing phase, zinc continues to be removed,
e.g., by Chemical Volume and Control System purifica-
tion. A residual amount of zinc is expected to remain in
the reactor coolant since zinc may be released from RCS
surfaces when injection is terminated and as the plant is
cooled down. Continued purification to reduce dissolved
corrosion products and suspended solids during this
phase is conducted, in order to minimize the inventory
of corrosion products available to deposit on the core
during power operation.

[0034] Theinvention provides various benefits and ad-
vantages over the prior art, such as, but not limited to,
the ability to control zinc addition during a precondition-
ing, pre-core phase in a manner that cannot be achieved
during normal plant operation and furthermore, the ability
to add zinc in a higher concentration during the precon-
ditioning, pre-core phase as compared to post-core nor-
mal power operation.

[0035] Itis contemplated and understood that conven-
tional tests associated with assessing the operability of
a new nuclear power plant are carried out during pre-
core hot functional testing, including during heat up, e.g.,
as the reactor coolant temperature increases to NOT,
during the time period wherein NOT is maintained, e.g.,
the NOT Plateau, and during cooldown, e.g., as the re-
actor coolant temperature decreases from NOT to am-
bient temperature.

[0036] In accordance with certain embodiments of the
invention, FIG. 1 illustrates chemistry milestones that oc-
cur at various RCS temperatures during pre-core HFT.
As shown in FIG. 1, various chemistry changes occur
throughout temperature plateaus during pre-core HFT.
FIG. 1 identifies Milestones 1 through 7. The RCS tem-
perature generally increases or heats up from Milestone
1 to Milestone 4, at which NOT is reached. Following
testing at NOT, the RCS temperature generally decreas-
es or cools down. Milestones 1 and 2 take place at the
onset of HFT and prior to initiating the alkaline-reducing
phase. For Milestone 1, a hydrazine targetis established
prior to exceeding about 66°F (150°F) in the RCS. For
Milestone 2, low oxygen is established prior to exceeding
about 121°C (250°F) in the reactor coolant and pressu-
rizer. Milestone 3 relates to the start of the alkaline-re-
ducing phase and includes initiating the addition of lithi-
um, hydrogen and zinc at a RCS temperature of about
177°C (350°F) or higher. As shown in FIG. 1, between
Milestones 3 and 4, the RCS temperature increases from
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about 177°C (350°F) to NOT, e.g., about 292°C (557°F).
Milestone 4 includes establishing lithium, hydrogen and
zinc targets prior to NOT to achieve alkaline-reducing
conditions. The horizontal line corresponding to a tem-
perature of 292°C (557°F). represents the NOT Plateau.
As previously described, tests are typically conducted
during the NOT Plateau. Testing can also be performed
during heatup from ambientto NOT and during cooldown
from NOT to ambient. Milestone 5 occurs at the end of
the NOT Plateau and includes borating the reactor cool-
ant to achieve acid-reducing conditions. Between Mile-
stones 5 and 6, the RCS temperature decreases. At Mile-
stone 6, degassing of hydrogen is completed in prepa-
ration for controlled oxygenation. Milestone 7 is in the
acid-oxidizing phase and includes the addition of hydro-
gen peroxide when the temperature of the reactor coolant
and pressurizeris about82°C (180°F) or lower to achieve
acid-oxidizing conditions. Corrosion product removal is
maximized during this phase, in order to minimize the
inventory available to deposit on the fuel and become
activated, thereby improving fuel performance and min-
imizing plant dose rates.

[0037] In accordance with the invention, a simulation
test was conducted using known PWR primary circuit
materials, i.e., Alloy 690 and 304 stainless steel coupons.
Portions of the surface area of some of the coupons were
electropolished prior to the environmental exposure
while other coupons were mechanically polished, repre-
sentative of surface finishes. Corrosion weight loss ex-
periments were conducted in the HFT test with zinc, and
the results indicated that negligible corrosion was expe-
rienced for the Alloy 690 materials (which represent the
highest surface area on the PWR primary system). The
passive oxide films on the electropolished Alloy 690 were
very fine and protective as shown in FIG. 2. The passive
oxide films on the mechanically polished Alloy 690 were
more developed but composed of very fine oxide crystals
approximately 100 nanometers in size as shown in FIG.
3.

Claims

1. A method of passivating a metal surface in a primary
system of a new nuclear power plant having a nu-
clear core, a pressurizer and coolant water flowing
through the primary system, prior to the initial loading
of nuclear fuel into the reactor core and prior to ini-
tiating normal operation of the new nuclear power
plant, the method comprising:

prior to initiating pre-core hot functional testing,
filling the primary system with demineralized wa-
ter and adding an oxygen scavenger to the pri-
mary system and pressurizer at low tempera-
tures to scavenge oxygen in the coolant water;
achieving an alkaline-reducing phase, compris-

ing:
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heating the primary system to a simulated
normal operating temperature prior to an in-
itial loading of fuel in the nuclear core;
initiating an addition of zinc to the coolant
water ata temperature greater than orequal
to 177°C (350° F) prior to reaching the sim-
ulated normal operating temperature;
achieving a target zinc concentration in the
coolant water from greater than 40 to 300
ppb at the simulated normal operating tem-
perature;

conducting hot functional testing in the pri-
mary system at the target zinc concentra-
tion and the simulated normal operating
temperature;

allowing the zinc to contact the metal surface in
the primary system; and

forming an initial zinc-containing oxide film on
the metal surface

initiating an acid-reducing phase to simulate a
plant shutdown chemistry condition, compris-
ing:

adding boric acid to the coolant water; and
initiating an acid-oxidizing phase, comprising:
reducing temperature and removing hydrogen
from the coolant water.

The method of claim 1, wherein the zinc is added in
the form of zinc acetate.

The method of claim 1, wherein the alkaline reducing
phase further comprises adding to the coolant water
a base selected from the group consisting of lithium
hydroxide, potassium hydroxide and mixtures there-
of.

The method of claim 3, wherein the lithium hydroxide
has a concentration sufficient for the coolant water
to have a pH from 6.9 to 7.4 at the operating tem-
perature or from 9.5 to 10.1 at 25 °C

The method of claim 4, wherein the concentration of
lithium in the coolant water is from 0.3 ppm to 2.0
ppm.

The method of claim 3, wherein the base added to
the coolant water is lithium hydroxide, and initiating
the acid-reducing phase comprises removing the
added lithium hydroxide from the coolant water.

The method of claim 3, wherein the alkaline reducing
phase further comprises adding to the coolant water
boric acid, such that a boron concentration in the
coolant water is 100 ppm or less.

The method of claim 7, wherein the alkaline reducing
phase further comprises adding hydrogen at a con-
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centration selected from a value or a range consist-
ing of at least 4 cm3/kg, from 4 to 50 cm3/kg, from 4
to 15 cm3 /kg, from 15 to 30 cm3/kg, and 4.5 cm3/kg.

The method of claim 7, wherein the adding of the
zinc, the lithium hydroxide and the hydrogen is initi-
ated when the coolant water has a temperature of
177 °C (350 °F) or higher and less than the simulated
normal operating temperature of the coolant water.

10. The method of claim 1, further comprising:

initiating an alkaline-reducing phase, compris-
ing: adding the zinc to the coolant water;
adding hydroxide to the coolant water to main-
tain the coolant water at an alkaline pH; and
adding hydrogen to the coolant water;

then initiating an acid-reducing phase, compris-
ing: borating the coolant water; and

removing the hydroxide; and

then initiating an acid-oxidizing phase, compris-
ing: removing hydrogen from the coolant water.

11. The method of claim 1, further comprising:

adding hydroxide to the coolant water and add-
ing boric acid to the coolant water during the
alkaline reducing phase;

establishing a plateau at the simulated normal
operating temperature; and conducting the hot
functional testing during the plateau.

Patentanspriiche

1.

Verfahren zur Passivierung einer Metalloberflache
in einem Primarsystem eines neuen Kernkraftwerks,
aufweisend einen Nuklearkern, einen Druckhalter
und Kihlwasser, das durch das Primarsystem
stromt, vor dem erstmaligen Beschicken des Reak-
torkerns mit Nuklearbrennstoff und vor dem Einleiten
des Normalbetriebs des neuen Kernkraftwerks, wo-
bei das Verfahren umfasst:

vor dem Einleiten der Heif3funktionsprifung vor
dem Kern Fillen des Primarsystems mit entmi-
neralisiertem Wasser und Zufligen eines Sau-
erstofffangers zu dem Primarsystem und Druck-
halter bei niedrigen Temperaturen, um Sauer-
stoff im Kiihlwasser zu fangen;

Erreichen einer alkalireduzierenden Phase, um-
fassend:

Erwarmen des Primarsystems auf eine si-
mulierte normale Betriebstemperatur vor ei-
nem erstmaligen Beschicken des Nuklear-
kerns mit Brennstoff;

Einleiten einer Zufligung von Zink zu dem
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Klhlwasser bei einer Temperatur von mehr
als oder gleich 177 °C (350 °F) vor dem Er-
reichen der simulierten normalen Betriebs-
temperatur;

Erreichen einer Zielzinkkonzentration in
dem Kihlwasser von mehr als 40 auf300
ppb bei der simulierten normalen Betriebs-
temperatur;

Durchfiihren einer HeilRfunktionspriifung in
dem Primarsystem bei der Zielzinkkonzen-
tration und der simulierten normalen Be-
triebstemperatur;

Zulassen, dass das Zink die Metalloberfla-
che in dem Primarsystem kontaktiert; und
Ausbilden eines anfanglichen zinkhaltigen
Oxidfilms auf der Metalloberflache;
Einleiten einer saurereduzierenden Phase,
um die chemische Bedingung eines Herun-
terfahrens des Kraftwerks zu simulieren,
umfassend:

Zufigen von Borsaure zum Kihlwasser;
und

Einleiten einer saureoxidierenden Phase,
umfassend:

Reduzieren der Temperatur und Entfernen
von Wasserstoff aus dem Kiihlwasser.

Verfahren nach Anspruch 1, wobei das Zink in Form
von Zinkacetat zugefuigt wird.

Verfahren nach Anspruch 1, wobei die alkalireduzie-
rende Phase ferner das Zufligen einer Base, ausge-
wahlt aus der Gruppe, die aus Lithiumhydroxid, Ka-
liumhydroxid und Gemischen davon besteht, zu dem
Klhlwasser umfasst.

Verfahren nach Anspruch 3, wobei das Lithiumhyd-
roxid eine Konzentration aufweist, die ausreicht, da-
mit das Kihlwasser einen pH-Wert von 6,9 bis 7,4
bei der Betriebstemperatur oder von 9,5 bis 10,1 bei
25 °C aufweist.

Verfahren nach Anspruch 4, wobei die Konzentrati-
onvon Lithiumindem Kihlwasser zwischen 0,3 ppm
und 2,0 ppm betragt.

Verfahren nach Anspruch 3, wobei die dem Kihl-
wasser zugefiigte Base Lithiumhydroxid ist und das
Einleiten der saurereduzierenden Phase ein Entfer-
nendes zugefiigten Lithiumhydroxids aus dem Kiihl-
wasser umfasst.

Verfahren nach Anspruch 3, wobei die alkalireduzie-
rende Phase ferner ein Zufiigen von Borsaure zu
dem Kihlwasser umfasst, sodass eine Borkonzen-
tration in dem Kihlwasser 100 ppm oder weniger
betragt.
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8.

Verfahren nach Anspruch 7, wobei die alkalireduzie-
rende Phase ferner das Zufligen von Wasserstoff in
einer Konzentration umfasst, die aus einem Wert
oder Bereich ausgewahlt ist, der aus mindestens 4
cm3/kg, von 4 bis 50 cm3/kg, von 4 bis 15 cm3/kg,
von 15 bis 30 cm3/kg und 4,5 cm3/kg besteht.

Verfahren nach Anspruch 7, wobei das Zufiigen des
Zinks, des Lithiumhydroxids und des Wasserstoffs
eingeleitet wird, wenn das Kiihlwasser eine Tempe-
ratur von 177 °C (350 °F) oder héher und weniger
als die simulierte normale Betriebstemperatur des
Kihlwassers aufweist.

10. Verfahren nach Anspruch 1, ferner umfassend:

Einleiten einer alkalireduzierenden Phase, um-
fassend: Zufligen des Zinks zu dem Kiihlwas-
ser;

Zufugen von Hydroxid zu dem Kihlwasser, um
das Kiihlwasser auf einem alkalischen pH-Wert
zu halten; und

Zufugen von Wasserstoff zum Kihlwasser;
dann Einleiten einer saurereduzierenden Pha-
se, umfassend: Borieren des Kiihlwassers; und
Entfernen des Hydroxids; und

dann Einleiten einer saureoxidierenden Phase,
umfassend: Entfernenvon Wasserstoffaus dem
Klhlwasser.

11. Verfahren nach Anspruch 1, ferner umfassend:

Zufugen von Hydroxid zu dem Kuihlwasser und
Zufugen von Borsaure zu dem Kihlwasser wah-
rend der alkalireduzierenden Phase;

Aufbauen eines Plateaus bei der simulierten
normalen Betriebstemperatur; und Durchfiihren
der HeilRfunktionsprifung wahrend des Pla-
teaus.

Revendications

Méthode de passivation d’une surface métallique
dans un systéme primaire d’une nouvelle centrale
nucléaire possédant un coeur nucléaire, un pressu-
riseur et de I'eau de refroidissement circulant a tra-
vers le systeme primaire, avant le chargement initial
de combustible nucléaire dans le coeur du réacteur
et avant le déclenchement du fonctionnement nor-
mal de la nouvelle centrale nucléaire, la méthode
comprenant :

avant le déclenchement de I'essai fonctionnel a
chaud, le remplissage du circuit primaire avec
de I'eau déminéralisée et I'ajout d’'un absorbeur
d’'oxygéne au systéme primaire et au pressu-
riseur a basses températures afin d’absorber
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'oxygéne dans I'eau de refroidissement ;
la réalisation d’'une phase réductrice alcaline,
comprenant :

le chauffage du systeme primaire a une
température de fonctionnement normale si-
mulée avant un chargement initial de com-
bustible dans le coeur nucléaire ;

le déclenchement de I'ajout de zinc a I'eau
de refroidissement a une température su-
périeure ou égale a 177 °C (350 °F) avant
d’atteindre la température de fonctionne-
ment normale simulée ;

la réalisation d’'une concentration de zinc ci-
ble de plus de 40 a 300 ppb dans I'eau de
refroidissement a la température de fonc-
tionnement normale simulée ;

I'exécution d’un essai fonctionnel a chaud
dans le systéme primaire a la concentration
de zinc cible et a la température de fonc-
tionnement normale simulée ;

la permission au zinc d’entrer en contact avec
la surface métallique dans le systéme primaire ;
et

la formation d’un film initial d’oxyde contenant
du zinc sur la surface du métal ;

le déclenchement d’une phase de réduction de
'acidité afin de simuler une condition chimique
d’arrét de la centrale, comprenant :

I'ajout d’acide borique a I'eau de refroidisse-
ment; et

le déclenchement d’'une phase d’oxydation aci-
de, comprenant :

la réduction de latempérature et I'élimination de
I'hydrogéne de I'eau de refroidissement.

Méthode selon la revendication 1, dans laquelle le
zinc est ajouté sous forme d’acétate de zinc.

Méthode selon la revendication 1, dans laquelle la
phase de réduction alcaline comprend par ailleurs
I'ajout a I'eau de refroidissement d’'une base sélec-
tionnée parmi le groupe se composant de I’hydroxy-
de de lithium, de I'hydroxyde de potassium et de mé-
langes de ces derniers.

Méthode selon la revendication 3, dans laquelle I'hy-
droxyde de lithium posséde une concentration suf-
fisante afin que I'eau de refroidissement ait un pH
compris entre 6,9 et 7,4 a la température de fonc-
tionnement ou entre 9,5 et 10,1 a 25 °C.

Méthode selon la revendication 4, dans laquelle la
concentration de lithium dans I'eau de refroidisse-

ment se situe entre 0,3 ppm et 2,0 ppm.

Méthode selon la revendication 3, dans laquelle la
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10

10.

1.

base ajoutée a I'eau de refroidissement est de I'hy-
droxyde de lithium, et le déclenchement de la phase
de réduction acide comprend I'éliminationdans I'eau
de refroidissement de I’hydroxyde de lithium ajouté.

Méthode selon la revendication 3, dans laquelle la
phase de réduction alcaline comprend par ailleurs
I’ajout d’acide borique a I'eau de refroidissement, de
sorte qu’'une concentration de bore dans I'eau de
refroidissement soit inférieure ou égale a 100 ppm.

Méthode selon la revendication 7, dans laquelle la
phase de réduction alcaline comprend par ailleurs
I'ajout d’hydrogene a une concentration sélection-
née parmi une valeur ou une gamme se composant
d’au moins 4 cm3/kg, de 4 & 50 cm3/kg, de 4 a 15
cm3/kg, de 15 a 30 cm3/kg, et de 4,5 cm3/kg.

Méthode selon la revendication 7, dans laquelle
I'ajout du zinc, de I'hydroxyde de lithium et de I'hy-
drogene est déclenché lorsque I'eau de refroidisse-
ment possede une température de 177 °C (350 °F)
ou supérieure, etinférieure a la température de fonc-
tionnement normale simulée de I'eau de refroidisse-
ment.

Méthode selon la revendication 1, comprenant par
ailleurs :

le déclenchement d’'une phase de réduction al-
caline comprenant : I'ajout du zinc a l'eau de
refroidissement ;

I'ajout d’hydroxyde a I'eau de refroidissement
afin de maintenir I'eau de refroidissement a un
pH alcalin ; et

I'ajout d’hydrogene a I'eau de refroidissement;
ensduite, le déclenchement d’'une phase de ré-
duction acide comprenant : la boration de I'eau
de refroidissement; et

I’élimination de I'hydroxyde ; et

ensuite, le déclenchement d’'une phase d’oxy-
dation acide, comprenant : I'élimination de I'hy-
drogene de I'eau de refroidissement.

Méthode selon la revendication 1, comprenant par
ailleurs :

I'ajout d’hydroxyde a I'eau de refroidissement et
I'ajoutd’acide borique a 'eau de refroidissement
pendant la phase de réduction alcaline ;
I'établissementd’un plateau ala température de
fonctionnement normale simulée; et la réalisa-
tion de I'essai fonctionnel a chaud pendant le
plateau.
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